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SUMMARY 

The space shuttle main engine (SSME), a reusable space propulsion system, 
Is the most sophisticated earth to orbl t propulsion system In use today. Based 
on the premise that the United States will depend on the Shuttle and Its deri- 
vative versions for space transportation for the next several decades, NASA Is 
conducting a program which will establish a technology base for the orderly 
evolution of reusable space propulsion systems. As part of that program, NASA 
has Initiated a Structural Integrity and Durability effort for advanced high- 
pressure oxygen- hydrogen rocket engine technology. That effort described In 
this paper, focuses on the development of: (1) accurate analytical models to 

describe flow fields, aerothermodynamlc loads, structural responses, and 
fatigue/fracture, from which life prediction codes can be evolved, and (2) 
advanced Instrumentation with capabilities to verify the codes In an SSME like 
environment as well as the potential for future use as diagnostic sensors for 
real-time condition monitoring of critical engine components. The work Is 
conducted through In-house activities at NASA Lewis, Industrial contracts and 
university grants. This paper highlights the most recent technical 
accomplishments. 


INTRODUCTION 


The current and planned U.S. space program relies on the reusability and 
high performance of the space propulsion systems. High performance of the 
current system, the space shuttle main engine (SSME), Is attained by the use 
of a staged combustion power cycle coupled with high combustion chamber pres- 
sure. Referring to the SSME power head components (fig. 1), the propellants 
are partially burned at a low mixture ratio, high pressure and relatively low 
temperature In the preburner to produce hydrogen- rich gas (steam) which powers 
the high performance turbopumps. The hydrogen- rich gas Is then directed to 
the main Injector, where It Is Injected along with additional oxygen, Into the 
main combustion chamber at high mixture ratio (6:1 oxidizer to fuel). Flows, 
temperatures and pressures for the engine operating at full power are shown In 
figure 2. 
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The United States will depend on the shuttle and Its derivative versions 
as Its principal Earth- to-Orblt transportation system for the next several 
decades. Therefore, NASA has decided to establish a technology base for the 
orderly evolution of advanced high pressure oxygen- hydrogen engines. This 
research and technology program Is described In reference 1. A large portion 
of this program Is devoted to the structural Integrity and durability aspect 
of reusable space propulsion systems. 

This effort Is sponsored by the SSME Program Office and focuses on the 
development of analytical tools which will enable more reliable life predic- 
tions of components/subsystems and lead to Improved performance and operations 
of reusable space propulsion systems. It Includes advanced materials and 
processes development and evaluation, life prediction models and establishment 
of probability density functions for material fatigue life. 


STRUCTURAL INTtGRIlY AND DURABILITY EFFORT 

Long life, safety and durability requirements along with high performance 
requirements for reusable space propulsion systems call for availability of 
analytical tools which will accurately calculate usable mission lifetime. 

These systems must survive In a fatigue environment consisting of complex 
mechanical and thermal loading spectra. The analytical methods and predictive 
tools presently available are highly empirical In nature and with few excep 
tlons have not been developed or verified specifically for space propulsion 
systems, but rather derived from the body of technology developed for applica- 
tions such as aircraft turbomachinery. 

NASA Lewis has been conducting an effort since the latter part of 1983, 
whose objective Is to develop the necessary analytical tools for reliable life 
prediction of critical life- limiting components of a space propulsion system. 
This effort, commonly referred to as the Durability effort, focuses on the 
operating environment ( 1 . e . , extreme hot-gas dynamic/thermal/mechanical condi- 
tions), composite loading, fatigue and fracture analysis of the hot section of 
a rocket engine. 

It Is the unique aspects of the SSME, l.e., aggressive environment (type 
of fuel and oxidizer, as well as operating pressure), very high thermal and 
mechanical loads (In the Inelastic regime of currently used materials), and 
relatively short lives (under 100 mission cycles), that make It necessary to 
develop and demonstrate extensions to the existing analytical models, thereby 
reducing the risk associated with "conventional" approaches to analysis and 
life predictions of such systems. The Durability effort Is being pursued In 
four major disciplines: 

(a) Aerothermodynamlc loads definition 

(b) Structural responses 

(c) Fatigue/fracture and constitutive modeling 

(d) Instrumentation development to verify (a) to (c). 

The effort Is strongly supported by the development of advanced materials 
and materials processes. The results of the disciplinary approaches will be 
Integrated In the development of a life predicting method for the critical 
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components or subsystems of the engine. Several typical concerns of the 
effort and the approach to the development of life prediction are Indicated In 
figures 3 and 4. 

The focus of the Durability effort Is to develop analytical methods In 
areas with generic technology deficiencies. This type of research Is generally 
evolutionary. Therefore, expected benefits will be In the long-term, rather 
than resolutions to current specific programs. However, short-term benefits 
are expected to surface during the development of the analytical methods. 

These benefits could have an Impact In: 

(a) engine environment definition 

(b) time- phasing of loads 

(c) stress/straln prediction 

(d) guidelines for design modifications to enhance service life 

Research In the Durability effort Is conducted through Industrial con- 
tracts, university grants, and In-house activities at NASA Lewis. 


Aerothermodynamlc Loads Definition 

The objective of this effort Is to develop models to describe and statis- 
tically simulate hot-gas-dynamic flow, Including thermal, mechanical, and 
environmental conditions In the SSME. The areas of Investigation Include the 
preburner region, the turbine, the turnaround duct, the hot gas manifold, and 
the Injector post region. Development of steady-state and time dependent 
three-dimensional viscous computer codes. Including their experimental veri- 
fication are considered to be essential to achieving that objective. The 
steady and transient operating loads must all be well defined In order to 
accurately predict power-head life. Early efforts In aerothermal loads have 
been focusing on: 

(a) computation of the fuel turbine losses 

(b) turbine Inlet temperature profiling 

(c) viscous computations of the first stage rotor profile 

(d) flow analysis In the turnaround duct 

(e) steady and unsteady flows In multistage turbines 

(f) experimental measurements and analysis of heat transfer and gas 
dynamics 

(g) flow Induced vibration In the main Injector liquid oxygen (LOX) posts 
area 

Results for these tasks are discussed In detail In Refs. 2 and 3. Iwo 
examples are briefly 
described below. 


FLOW ANALYSIS OF THE SSME TURNAROUND DURC (TAD) 

The SSME fuel turbopump hot gas manifold (HGM) has been Identified as a 
source of pressure loss and flow distortion which significantly affects the 
performance and durability of both the drive turbine and the LOX Injector area 
of the main combustion chamber. The 1AD Is the axlsymmetrlc part of the manl 
fold at the exit of the turbine. Flow separation In the TAD which carries 
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approximately 75 percent of the fuel to the main Injector could create a pres- 
sure drop In the region. Such a pressure drop may have to be compensated for 
by Increased turbine Inlet temperature. In addition, flow separation creates 
disturbances which may propagate Into the main Injector LOX posts region, 
thereby contributing to Injector post failure. 

The region of Investigation and the results of the analysis are shown In 
figure 5. An axl symmetric/turbulent viscous computation was performed using 
the NASA Lewis Axlsymmetrlc Diffuser Duct (ADD) computer code. The computation 
was based on the turbine exhaust conditions and Indicates three areas of poten- 
tial separation. The study of the geometric effects has shown that by optimiz- 
ing wall curvature and flow diffusion In the turnaround, Improved TAD 
performance can be achieved. The details of the study can be obtained from 
reference 4. 


SSMt FUEL AND OXIDIZER TURBINE LOSS ANALYSIS 

Aerodynamic losses In either high pressure turbine of the SSMt have to be 
compensated for by Increasing the turbine Inlet temperature In order to achieve 
the required power. Increased turbine Inlet temperatures result In reduced 
life and durability of the engine. Assessment of these aerodynamic losses In 
both the high-pressure fuel turbine (HPF1) and high pressure oxidizer turbine 
(HP01) were made at the full power level (FPL) condition, l.e., 109 percent of 
the rated power level (RPL), using a quasi-three-dlmenslonal flow and boundary 
layer analysis method. The results were used to calculate blade and end wall 
friction losses and trailing edge mixing losses. Additional empirical corre- 
lations were used to calculate losses due to rotor tip clearance. Incidence, 
secondary flow, and rotor blade surface roughness. The calculations were per- 
formed at Reynolds numbers equal to those In the engines. 

The region of analysis and the results for the two turbines are shown in 
figures 6 and 7. The H PF 1 had a calculated overall two stage efficiency of 
85.2 percent. A 5-polnt efficiency loss was attributed to roughness of the 
rotor blade surface due to the nickel-chromium aluminum yttrla (NICrAlY) bond 
coating that had been plasma sprayed on the blade. The surface roughness was 
measured as 250 yin rms (ref. 5). The rotor tip clearance loss was the next 
most significant loss for the HPF1, accounting for 4 points. The HP01 had a 
calculated overall two-stage efficiency of 80.1 percent. An eight-point 
efficiency loss was attributed to rotor incidence and a 6.3 point loss to pro 
file and mixing effects. The results Indicate that the HPF I losses could be 
reduced by modifying the existing blading to Improve the surface finish, 
whereas a reduction In losses In the HP01 would require redesign of the blad 
Ing. The details of the calculation procedure can be obtained from 
reference 6. 


Structural Response 

Material thermomechanical behavior Is difficult to characterize in the 
SSME service environment. The complex loading conditions are characterized by 
static and centrifugal load envelopes; structural, dynamic, acoustic, and 
Impulsive excitations; extreme temperature excursions; and gas pressure 
fluctuations. 
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Moreover, the nondeterminlstlc load conditions, anisotropic material 
behavior, large cyclic and transient strains, nonlinear thermomechanical 
transients and material degradation require advanced analytical methods (e.g., 
probabilistic structural analysis) to accurately predict the structural 
response In such a severe service environment. Advanced three-dimensional 
analysis methods need to be formulated to accommodate the limited deterministic 
and probabilistic complex loading spectra as well as the anisotropic behavior 
of the material. Such analyses are not presently available and a recourse Is 
made to Incremental, Iterative methods available In general-purpose structural 
analysis programs. 


DEVELOPMENT OF PROBABILISTIC STRUC1URAL ANALYSIS ME1H0DS 

Currently available methodology for deterministic, three-dimensional, 
Inelastic analysis Is being augmented to accommodate the complex probabilistic 
loading spectra, the thermoviscoplastic material behavior, and the material 
degradation associated with the environment of space propulsion systems. The 
development of probabilistic structural analysis methodology consists of the 
following major work elements: 

(a) composite load spectra 

(b) probabilistic structural analysis methods 

(c) probabilistic finite element theory - new variational principles 

(d) probabilistic structural analysis application. 

An example of an application of probabilistic methods to structural 
analysis of SSME type components, such as high pressure turbopumps (HP1P) tur- 
bine blade, Is Indicated In figure 8. These methods are expected to evaluate 
the geometric variations and material properties (e.g., natural frequencies), 
their tolerances as well as probability of exceedance, for nondeterminlstlc 
load conditions. The results are expected to provide an understanding of the 
level and degree of safety Inherent In a deterministic design. 

Progress by various participants In this effort ( 1 . e . , contractors, 
grantees, NASA Lewis) can be obtained from reference 3. An early version of a 
structural analysis computer code based on probabilistic finite element Is now 
available at NASA Lewis. 


Fatigue, Fracture and Constitutive Modeling 

The design of reusable space propulsion systems will unavoidably contain 
components with relatively short lives. It Is necessary to understand the 
characteristics of the life- 11ml ting components before the design Is committed 
to hardware. Also, knowledge of possible design tradeoffs and their quantita- 
tive assessment will result In adjustment of design parameters such as perform 
ance, weight and size, to maximize the useful cyclic lifetime of the system. 

The objective of the NASA Lewis Fatigue, Fracture, and Constitutive Model 
Ing effort Is to develop and verify cyclic constitutive stress- strain and life- 
prediction models for materials used In reusable space propulsion systems. 

The life prediction models are aimed at accurately calculating the Initiation 
and early growth resistance of cyclic cracks In materials used In hot-gas path 
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components, taking into account phenomenological variables and the mlcromech- 
anlstlc features of the materials. To meet the objective. It will be possible 
to utilize the technology base developed In support of the aeronautics gas- 
turbine Industry. However, because of the exceptionally rigorous demands of 
rocket engine systems, the life prediction and cyclic constitutive material 
models developed for air-breathing engines must be reassessed for applicability 
to reusable space propulsion systems. Crack Initiation approaches are being 
addressed from a theoretical as well as experimental point of view. 

Developed models will be subjected to verification at the subcomponent 
level to demonstrate their applicability to the unique conditions of reusable 
space propulsion hardware. 


RE- EXAMINA1 ION OF CUMULATIVE FATIGUE DAMAGE LAWS 

Treatment of accumulated fatigue damage In materials and structures sub 
jected to a history of complex repetitive loadings has been receiving consider 
able attention In recent years. It has been recognized for some time that 
application of Miner's "classical" Linear Damage Rule (LDR) results In life 
predictions which are too optimistic for materlal/structural behavior In 
reusable space propulsion systems. Over the years, a number of alternative 
nonlinear methods have been proposed for more accurate predictions. However, 
most of these techniques required evaluation of material constants from exten- 
sive cumulative fatigue damage tests. A notable exception among the modifica- 
tions Is the so called Damage Curve Approach (DCA) and Its bl- linear equivalent, 
the Double Linear Damage Rule (DLDR), developed at NASA Lewis and Introduced 
In 1980. 

The Damage Curve Approach (DCA) and the Double Linear Damage Rule (DLDR) 
for cumulative fatigue damage analysis of materials and structures have now 
been re-examined and modified to Improve their accuracy and applicability to 
engineering problems associated with reusable space propulsion systems. The 
advantageous features of each were Incorporated Into what Is known as the 
Double Damage Curve Approach (DDCA). The newly developed DDCA utilizes the 
two universalized constants from the DCA and DLDR formulations, lhus, no new 
Information Is required to perform a cumulative damage fatigue life prediction. 
However, If specific cumulative damage data are available, they can be Incor- 
porated by optimizing the two constants In the DDCA equation. Successfully 
applied DDCA, using specific material constants, to recently obtained low cycle 
fatigue (LCF)/h1gh-cycle fatigue (HCF) Interaction experimental results for 
the alloy Haynes 188, can be seen In figure 9. Haynes 188 Is the material 
used for the SSME LOX Posts In the Main Injector Assembly. The experimental 
data for the alloy were obtained at NASA Lewis, at 1400 °F. It can be seen 
that entering the lower bound curve In the figure at a LCF damage of 0.10, 
l.e., only 10 percent of the expected LCF life, one could expect to use only 
0.04 of HCF damage before failure would occur. That Is, only 4 percent of the 
normal HCF life. This Is In sharp contrast to a value of 90 percent HCF life 
that the LDR would have erroneously predicted. 

The detailed discussion of the cumulative fatigue damage laws 
re-examination and the DDCA application can be obtained from references 7 and 
8 . 
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Instrumentation 


Strong emphasis In the SSME durability program Is placed on the develop- 
ment of analytical codes for designing components and predicting their expected 
life. The codes will have to be verified In a series of benchmark experiments 
specifically designed and Instrumented for correct operating conditions. 

The Instrumentation portion of the Durability program Is aimed at the 
development of sensors and Instrumentation systems capable of providing reli- 
able data for computer codes verification. The verification of the codes 
requires steady state and transient measurements of: (1) flow and flow pro- 

file, (2) gas temperatures, (3) heat fluxes, (4) engine components surface 
temperatures, and (5) engine components surface strains. Typical measurement 
locations are: (a) turbine blades and vanes, (b) transfer ducts (turnaround 

and hot gas manifold), (c) main Injector (LOX posts region), and (d) main com- 
bustion chamber. The computer codes developed In the Durability effort will 
work with relatively high resolution maps of flow, strain and temperature 
parameters. Therefore, the Instrumentation system must also produce data that 
are very high In both spatial and temporal resolution. 

As Is true for the durability disciplines, the Instrumentation effort Is 
also based on advanced technology originally developed for aeropropulslon. 

That technology Is being expanded to Include the operating conditions and 
materials of the SSME. The development Is focused on four areas: 

(a) thin film sensors for temperature, strain, and heat flux measure- 
ments , 

(b) optical flow measurement systems, 

(c) optical surface strain mapping systems, 

(d) gas temperature probes with a frequency response In a kHz range. 

A brief discussion of two work elements In the thin film sensor area follows. 


THIN FILM SENSORS FOR SPACE PROPULSION TECHNOLOGY 

SSME components such as the turbine blade of the high-pressure fuel turbo- 
pump are subjected to rapid and extreme thermal transients. The durability 
models will encompass the start-up and shut-down transients. However, valida- 
tion of these models will depend on reliable sensors with the capability of 
providing direct measurements of the environment. 

Through a previous effort, thln-fllm temperature sensor technology was 
developed at NASA Lewis. Sputter-deposited thermocouple junctions with their 
lead wires formed by hot-compression diffusion bonding performed successfully 
In engine tests at or up to 1800 °F for more than 60 hr with less than 
0.02 percent drift/hr. This technology base Is being expanded to apply to the 
SSME conditions primarily In the area of material compatibility. The details 
of this effort and the current status can be obtained from reference 9. The 
thln-fllm technology developed for temperature sensors will be extended to 
other sensors such as those for strain measurement. 
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HEA1 FLUX SENSOR CONDITIONS 


The heat flux to SSME turbopump turbine blades may be as high as 
10 / W/m^JO s UC h a heat flux is 50 to 100 times that encountered in 
aircraft engines. New technology is needed for the development of heat flux 
sensors with such a capacity. Moreover, a new system capable of calibrating 
these sensors must be developed since no such facility exists. 

A calibrator under development at NASA Lewis for this purpose uses an arc 
lamp developed from NASA Lewis electrode technology. The lamp with power to 
300 kW (fig. 10), is now commercially available. Adjustable irradiance can be 
focused on the entire area of a pressure or suction surface of an SSME turbine 
blade at levels to 10 7 W/m? with a uniformity of 1 to 2 percent. The lamp 
will be remotely operated in either a pulsed or steady- state mode and is 
reported to have a lamp life of several hundred hours. Details concerning 
heat flux calibrator development can be obtained from reference 10. 


Advanced Materials and Processing 

Advanced high pressure oxygen- hydrogen propulsion systems create a very 
challenging operating environment for materials. For example, the high pres 
sure turbopumps turbine materials are subjected to thermal transients unprece- 
dented In man- rated reusable turbomachinery. Other components operate in 
either hydrogen or hydrogen steam environments which severely tax the perform 
ance of common alloys. A broader and/or new material data base Is needed to 
satisfy the requirements of this class of propulsion system. 

A variety of advanced materials were Included In a study to Identify those 
with the potential to alleviate the durability problem. Six classes of candi- 
date materials were evaluated for turbine blade life enhancement and/or evolu 
tlonary performance enhancement of the SSME hot section (ref. 11). Ihe 
material classes evaluated were: (a) single crystal and advanced single 

crystal alloys; (b) directionally solidified eutectic superalloys; (c) oxide 
dispersion-strengthened superalloys; (d) rapid solidification processed super- 
alloys; (e) fiber reinforced superalloy composites; and (f) structural 
ceramics . 

The study focused on the three key material properties Indicative of the 
operational life for an SSME turbine blade: (1) stress- rupture strength; (2) 

mean stress high-cycle; and (3) thermal strain low cycle fatigue strength. It 
Identified advanced single crystal alloys (ASC), l.e., high thermal gradient 
directionally solidified or post solidification hot Isostatic pressing of con 
ventlonally processed single crystal alloy, as a class of materials which would 
enhance the SSME turbine blade durability by tenfold with the current turbine 
design (l.e., retrofit) and current operating conditions. Ihe study also 
Identified fiber reinforced superalloys (FRS) as a blade material which could 
produce higher engine performance by allowing the turbine to operate at a 
400 °F Increased temperature, while still providing an Increase In durability 
of approximately twentyfold. However, the use of FRS materials would require 
a modification In the design of the turbine wheel to accommodate the blade 
mounting. While structural ceramic materials were also found to offer a high 
payoff at Increased temperatures, they are not expected to be available for 
rocket engine applications before 1995. 
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The life enhancement and the performance enhancement can be seen from 
figure 11. In the figure a comparison Is made between the advanced materials 
(ASC and FRS) for rocket engine turbine blades and the currently used materials 
In the SSME - MAR M246. Life enhancement for each of a minimum of 30 launches 
could be expected. Moreover, the blades fabricated from FRS materials can 
operate at 400 °F higher turbine Inlet temperature, thereby providing the cap- 
ability for Increased turbine performance In addition to the Increased dur- 
ability. The details of the study can be obtained from reference 11. The 
development of both advanced materials for use In reusable space propulsion 
systems Is In progress. 


TUNGSTEN REINFORCED COPPER THRUST CHAMBER LINER 

The Inner wall liner of reusable rocket thrust chambers operating at high 
chamber pressures are fabricated from materials of high thermal conductivity 
and high strength. 

Current liners are fabricated from high strength copper alloys capable of 
transmitting the high heat load from the hot gas-side wall to the coolant and 
of carrying the high pressure load. Ihe liner of the SSME, for example. Is 
fabricated from NARloy-Z, which contains 96 percent copper and has 93 percent 
of the thermal conductivity of oxygen- free, high conductivity copper (ref. 5). 
However, the severe environment Irreversibly deforms and thins the cooling 
passage wall during each firing cycle. Repeated cycles cause cracks In the 
wall and eventual failure of the thrust chamber. Using a composite material 
made up of tungsten wire In a copper matrix offers the potential for extending 
thrust chamber life. Ihe tungsten has the high strength necessary to carry 
the pressure loads and prevent deformation of the cooling passage wall, and 
the copper has the high conductivity necessary to transmit the heat load to 
the coolant. Laboratory data (fig. 12) shows that the copper- tungs ten com 
poslte, with only 10 percent volume of tungsten, has a rupture strength 
80 percent higher than NARloy- Z with a thermal conductivity reduction of only 
5 percent. Fabrication feasibility has been demonstrated at NASA Lewis for 
both cylindrical and contoured rocket thrust chamber liners. The details of 
the fabrication process can be obtained from reference 12. Preparations for 
hot-fire testing of a tungsten reinforced copper thrust chamber liner at NASA 
Lewis are In progress. 


SUMMARY 

The Structural Integrity and Durability of Reusable Space Propulsion 
Systems research effort was Instituted by NASA to establish basic discipline 
technology and develop generic analytical tools which would provide basis for 
Improved designs of future reusable space propulsion systems, with maximum 
possible technology transfer. In the near term, to the SSME. 

The effort consists of three main disciplines which focus on analysis of 
the hot-gas- section of a rocket engine. The three disciplines: aerothermo- 

dynamlc loads; structural responses; and fatigue, fracture and life prediction, 
are receiving a strong support from an effort In advanced Instrumentation tech 
nlques for verification of the analytical models and from the development of 
advanced materials and material processes. 
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Figure 1. - SSME powerhead component arrangement. 



Figure 2. - SSME propellant flow schematic with temperatures and 
pressures at full power level; MR 6: 1. 
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Figure 3. - Typical durability concerns in SSME. 



Figure 4. - Life prediction approach 
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Figure 5. - Flow analysis of the SSME turnaround duct. 
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Figure 6. - SSME fuel turbine loss analysis. 
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Figure 7. - SSME oxidizer turbine loss analysis. 
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Figure 8. - Probabilistic structural analysis application. 
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Figure 9. - DDCA applications to Haynes 188. 



Figure 10.- 300 kW Vortek arc lamp. 
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Figure 11. - Advanced materials for rocket engine turbine blades 
compared to currently used materials in SSME-MAR M246. 
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Figure 12. - Tungsten-reinforced copper thrust chamber liner. 
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